Two experiments were conducted to study the effect of soil water content on soil respiration, microbial biomass and nutrient availability in planted and unplanted soil. In the first experiment, wheat was grown in pots for four weeks in soil that was kept dry between one and four weeks. In the second experiment, soil was maintained at 50% of water-holding capacity (WHC) for four weeks and either planted with wheat or left unplanted. After removal from the pots, soil was kept at 50% WHC or quickly dried to 40, 30, 20 or 10% of WHC. The soils were incubated four weeks during which soil respiration, microbial biomass and nutrient availability were measured. In the first experiment, shoot and root biomass and microbial biomass carbon were higher in constantly moist than constantly dry soil, but the reverse was true for available N. In the second experiment, cumulative respiration was two-fold higher in planted than unplanted soil and decreased with water content, with a smaller decrease in planted soil. Microbial biomass carbon on days 5 and 10 was higher at 10% than at 50% WHC in planted soil, but not affected by water content in unplanted soil. We conclude that soil microbes can maintain higher respiration at low water content despite low biomass because activity per unit biomass is high.
Introduction
Water is considered as one of the most important factors influencing soil nutrient availability and microbial activity in terrestrial ecosystems (Clark et al., 2009) . It is the medium of nutrient transport in soil, so although nutrient and water absorption are independent processes, they are inextricably linked to each other (Viets, 1972) . Low water availability reduces decomposition and nutrient cycling rate (Guntinas et al., 2013) because the thin water films around soil particles reduces diffusion of enzymes and nutrients and thus substrate supply for microbes (Papendick and Campell, 1981) . To counteract the strongly negative water potential in dry soil, some microbes accumulate osmoregulatory compounds (e.g. polyols, sugar aldehydes and amino acids) (Harris, 1981) , this physiological response avoids Journal of Soil Science and Plant Nutrition, 2017 , 17 ( 3), 702-715 microbial dehydration and death. Plants are an important source of substrates for soil microbes through exudates and root debris (Merino et al., 2015; Berg and Smalla, 2009 ). Thus, low water availability may indirectly influence microbial activity by reducing substrate supply due to poor plant growth. When water content fluctuates during plant growth, plant growth may recover in moist periods sufficiently to compensate for poor growth during dry periods. But the effect of fluctuating water content during plant growth on soil nutrient availability and microbial biomass is poorly understood.
Differences in microbial biomass, composition and activity between planted and unplanted soil have been studied extensively. In a previous study, we imposed water stress during plant growth and found that the effect of low soil water content on microbes was exacerbated by low organic C input as a result of poor plant growth (Xue et al., 2016) . However, the effect of intermittent dry on plant and microbial biomass is unclear. Further, it is not clear if the response of microbes to low water availability in planted soil after plant removal differs from that of microbes in unplanted soil.
The aims of this study were to determine (i) the effect of length and distribution of a dry period on plant growth, microbial biomass and nutrient availability (Experiment 1), and (ii) if the effect of low water availability on microbes and nutrient availability differs between planted and unplanted soil (Experiment 2). The hypotheses were that 1) plant growth and microbial biomass will decrease with length of the dry period with a greater effect if the dry period is in the early stages of plant growth, and 2) the effect of decreasing water content on soil respiration and microbial biomass will be smaller in planted soil than unplanted soil. The second hypothesis assumes that microbes with a greater supply of easily available C are more tolerant to stress.
Materials and Methods

Soil
The silt loam used in the experiments was collected on the Waite Campus of the University of Adelaide , total organic C 17 g kg -1 , total organic N 1.5 g kg -1 , bulk density 1.3 g cm -1 , available P 10 mg P kg -1 and available N 15 mg N kg -
1
. Several samples were collected randomly and then pooled. The soil is a Rhodoxeralf according to US Soil Taxonomy. After stones and litter were removed, the soil was dried at 40 °C, then sieved through a 2 mm sieve and thoroughly mixed before using it for the experiments.
Experimental design
Two experiments were conducted. For Experiment 1, soil water content was adjusted to either 50% (-0.078 Mpa) WHC or 20% (-0.7 MPa) WHC. The 50% WHC was chosen because in previous studies with this soil, plants grew well at this water content. Then 400 g soil (dry weight equivalent) was filled in pots (9.5 × 8.5
×10 cm) and planted with pre-germinated wheat seeds (Triticum aestivum L. cv. Krichauff, 15 seeds per pot).
The experiment had nine treatments with four replicates per treatment that differed in watering regime ( Figure 1 ). In CW, the soil was maintained throughout the four weeks at 50% WHC. In CD the soil was kept at 20% of WHC for four weeks. In the other treatments, the soil was at 20% WHC for at least the first week. The treatment names refer to the number and order of weeks where the soil was watered to 50% WHC and weeks in which it was not watered (e.g.
DWDD and DDWD were only watered in the second and third week, respectively). The pots were placed in a glasshouse with natural light. In the moist periods, water content was maintained at 50% WHC and monitored three times a day by weight. During the dry periods, pots were left to dry until they reached 20%
(within 2 days), after which this water content was maintained. After four weeks, plant roots and shoots were collected and dry weight measured. After carefully removing all visible roots, soils were kept at 4°C before the determination of available N and P, water extractable organic C (WEOC) and microbial biomass C (MBC). The second experiment was carried out to assess the effect of low soil water content on microbial biomass, activity and nutrient availability in planted and unplanted soil. The soil was adjusted to 50% WHC. Then, soil (400 g dry weight equivalent) was filled into 16 pots. To obtain planted soil, eight of the pots were densely planted with pre-germinated wheat seeds (20 per pot). The high plant density was used to ensure high root density and therefore all soil in the planted pots was influenced by roots.
The other eight pots remained unplanted. The pots were placed in a glasshouse with natural light and watered three times a day to maintain constant soil water content throughout plant growth. Any weeds germinating in the unplanted pots were removed. Four weeks after planting, when a dense plant cover was established in the planted pots, roots and shoots were removed.
The soil was dried in a fan-forced oven at 40 °C within 
Analyses
Soil texture was determined using the hydrometer method (Bowman et al., 2002) . WHC was measured using a sintered glass funnel (Haines, 1930) . Soil was packed into rings and adjusted to field bulk density, placed in the sintered glass funnel which was connected to a 100 mm water column (ψ m =10 kPa) and thoroughly wetted. The soil was allowed to drain for 48 h, dry weight of the soil was determined after oven drying at 105 °C till constant weight. Soil pH and EC
were measured in a 1:5 (w/v) soil to reverse osmosis (RO) water ratio after 1 h end-over-end shaking. Soil total organic C was determined after Walkley and Black (1934) . Soil total N was measured using the Kjeldahl method (McKenzie and Wallace, 1954) .
Soil respiration was measured daily by quantifying the CO 2 -C concentration in the headspace of the jars using a Servomex 1450 infra-red analyzer (Servomex Group, Crowborough, UK) as described in (Setia et al., 2011) .
After each measurement, the jars were vented using a fan to refresh the headspace and then resealed for measurement on the following day. The CO 2 evolved during a given interval was calculated as the difference in CO 2 concentration between measured and ambient CO 2 concentration. Linear regression based on injection of known amounts of CO 2 into empty jars of similar size was used to define the relationship between CO 2 concentration and detector reading.
Microbial biomass C (MBC) was determined by chloroform fumigation-extraction with 0.5 M K 2 SO 4 at a 1:4 soil to extractant ratio (Vance et al., 1987) . The organic C concentration in the filtered extract was measured by titration with 0.033 M acidified (NH 4 ) 2 Fe(SO 4 ) 2 .6H 2 O after dichromate oxidation (Anderson and Ingram, 1993) . The chloroform-labile C concentration is the difference between fumigated and non-fumigated soil which was multiplied by 2.64 to calculate MBC (Vance et al., 1987) . For microbial biomass N (MBN), the ammonium concentration in the K 2 SO 4 extract was determined (Willis et al., 1996; Moore et al., 2000) . The difference between fumigated and non-fumigated soil was multiplied by 1.75 to calculate MBN (Moore et al., 2000) . For determining soil available N (ammonium + nitrate), soil was extracted with 2 M KCl at a 1:5 soil to extractant ratio in a horizontal shaker at 80 rpm for one hour. Ammonium-N in the filtered extracts was measured as described for MBN after Willis et al. (1996) . Nitrate-N was determined as described in Miranda et al. (2001) . Available P was determined as described in Kouno et al. (1995) . The P concentration in the extracts was determined colorimetrically according to Murphy and Riley (1962) . Water extractable organic C (WEOC) was extracted at a 1:5 soil:water ratio. After 1h end over end shaking, organic C was measured as described above for MBC.
Statistical analysis
Shoot and root biomass, MBC, WEOC, N and P in experiment 1 were analyzed by one-way analysis of variance. The second experiment was arranged in a complete randomized block design with 2 soil treatments (planted and unplanted soil) × 5 water contents × 3 sampling times and 4 replicates for each sample time. 
Results
Experiment 1
Shoot and root biomass were highest in the constantly wet (CW) treatment and lowest in the constantly dry (CD) treatment (Figure 2 a and b) . Shoot biomass was more sensitive to the constantly dry soil than root biomass. For example, shoot biomass was three times lower in CD than CW whereas root biomass was only 50% lower in CD. Compared to CW, shoot biomass was about 20% lower in the treatment with one dry week (DWWW). In treatments with two dry weeks, shoot biomass was highest in the treatment which was dry in the first and the last week (DWWD). Shoot biomass did not differ between treatments with two or three dry weeks, except in DDDW where it was lower than in DWWD and DWDW. Treatment differences were similar for root biomass, but with fewer significant differences than in shoot biomass. MBC had similar treatment differences as shoot and root biomass (Figure 2 c) ; it was about two-fold higher in CW than CD and among treatments with two dry weeks highest in DWWD. WEOC was about 30%
higher in CW than CD but the other treatments dif- Available N and P (Figure 2 e and f) were lowest in CW and highest in CD with greater differences in available P (CW two-fold higher than CD) than in available N (CW 30% higher). Among treatments with varying water content, available N was lowest in the treatment with one week dry (DWWW) and highest with the first three weeks dry (DDDW).Available P was also lowest with one week dry (DWWW), but it was highest in the treatment with the second week wet (DWDD). In treatments with three dry weeks, available P increased in the following order: DDDW< DDWD < DWDD.
Experiment 2
Cumulative respiration
Cumulative respiration was about two-fold higher in planted than unplanted soil (Figure 3 ). It decreased with decreasing soil water content for both planted and unplanted soil. In planted soil, cumulative respiration decreased from 50 to 20% WHC.
In unplanted soil, it decreased from 50 to 40%
and from 20 to 10% WHC. The relative decrease in cumulative respiration compared to 50% WHC was smaller in planted than in unplanted soil. For example, at 30% WHC, cumulative respiration was 21% lower in planted soil, but 30% lower in unplanted soil.
Microbial biomass
MBC was up to two-fold higher in planted soil than unplanted soil on day 5, later the differences became smaller or disappeared (Figure 4 ). Generally, MBC was higher on day 5 than days 10 and 25. The effect of soil water content on MBC differed between unplanted and planted soil and among sampling times. In planted soil, MBC was lower at 50% than at 10% WHC. But the reverse was true for unplanted soil on days 5 and 25 ( Figure 4 a, c) . The ratio of cumulative respiration to MBC on day 25 was about two-fold higher in planted than unplanted soil and two-fold lower at 10 compared to 50% WHC (planted 2.1 and 5.1 mg kg -1
; unplanted 1.1 and 2.1 mg kg -1 for 10 and 50% WHC, respectively). MBN was always about two-fold higher in planted than unplanted soil and changed little over time (Figure 5) . In planted and unplanted soil, MBN was lowest at 10% WHC at all sampling times and it was about two-fold higher at water contents ≥20% WHC than at 10%. In unplanted soil, MBN was lowest on day 25.
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In planted soil, it was also lowest on day 25 at 30-50% WHC, but not at 10 and 20% WHC. Different letters on the same day indicate significant differences (P＜0.05, n=4).
3.2.3. WEOC, available N and P WEOC concentration was higher in planted than unplanted soil, with greater differences at higher water contents (Figure 6 ). At 50% WHC, WEOC was at least two-fold higher in planted soil than unplanted soil, but at 10% it was only 20-30% higher. WEOC changed little over time. In planted soil, WEOC decreased with water content at all sampling times. It was 50-60% lower at 10% than at 50% WHC. Soil water content had little effect on WEOC in unplanted soil. On days 10 and 25, WEOC was lower at 10% than at 50% WHC, but the difference was quite small (about 20% lower at 10% WHC).
Available N was two-fold higher in unplanted than in planted soil (Table 1 ). It changed little over time.
Soil water content had no clear effect on available N in planted soil. In unplanted soil on days 5 and 10, available N was 10-20% higher at 10% WHC than at higher water contents. Table 2 . Available P concentrations on days 5, 10 and 25 in planted and unplanted soil at 10-50% of water holding capacity. Different letters on the same day indicate significant differences (P＜0.05, n=4).
Available P was two to three-fold lower in planted than in unplanted soil with greater differences on day 5 than later (Table 2) .
In unplanted soil, available P decreased with time,
while it was generally lowest on day 5 in planted soil.
Discussion
This study showed that the effect of low soil water content on microbial biomass and nutrient availability depends on whether it is imposed during or after plant growth. Further, in the second experiment there were clear differences in the measured parameters between planted and unplanted soil in the effect of water content on respiration, microbial biomass and WEOC.
Experiment 1
The hypothesis (plant growth and microbial biomass will decrease with length of the dry period with a greater effect if the dry period is in the early stages of plant growth) cannot be unequivocally accepted or declined because the assessed plant and soil parameters differed little between the constantly moist treatment and that with one dry week followed by three wet weeks. But compared to CW, two or more dry weeks decreased shoot and root biomass and MBC, whereas available N was increased. In agreement with previous studies (Matsui and Singh, 2003; Asch et al., 2005 , Wang et al., 2014 , Xue et al., 2016 , the effect of low water content was greater for shoots than roots because plants invest relatively more carbon into roots than shoots when water availability is low to access the remaining water. The organic C input into the soil of the smaller plants in treatments with two or more dry weeks will be lower which explains the smaller MBC in these treatments. The higher N availability in treatments with two or more dry weeks compared to CW can be explained by lower nutrient uptake by the smaller plants. The lack of difference between treatments with different distribution of two or more dry weeks suggests that plant growth did not recover sufficiently in two moist weeks to compensate for the two dry weeks.
Experiment 2
As expected from previous studies, planted soil had higher concentrations of WEOC, MBC/N and also higher cumulative respiration than unplanted soil (Haynes and Francis, 1993; Liu et al., 2012) . This can be explained by the greater substrate supply in planted soils via root exudates and root fragments that would be a source of nutrients for microbes (Wildung et al., 1975; Marschner, 2012) However, release of C and N by chloroform from root fragments could also lead to an overestimation of microbial biomass (Mueller et al., 1992) . Differences in MBC/N between planted and unplanted soil became smaller over time because MBC/N decreased in planted soil, indicating depletion of relatively easily decomposable nutrients after separation from the roots. Available N and P as well as EC were lower in planted soil than unplanted soil as a result of nutrient uptake by the plants (Marschner, 2012) . The higher pH suggests predominant nitrate uptake (Nye, 1981) which is corroborated by the low nitrate concentrations in planted soil (data not shown).
The reduction in MBC at 20% WHC compared to 50% in Experiment 2 was smaller than in Experiment 1 because, in Experiment 1, low water content affected both plant growth and soil microbes. In Experiment 2 on the other hand, plants grew in moist soil and different water contents were only imposed after removal of shoots and roots.
The hypothesis that the effect of decreasing water content on soil respiration and microbial biomass will be smaller in planted soil than unplanted soil cannot be unequivocally accepted or declined because the water content effect depended on the assessed parameters.
In planted but not in unplanted soil, WEOC concen- Cumulative respiration decreased with water content in planted and unplanted soil which can be explained by thinning of water films around soil particles as soil dries which will reduce substrate diffusion to cells. At very low water content, water may also be drawn out of the cells (Ilstedt et al., 2000) . As a result, the ratio of cumulative respiration to MBC on day 25 was twofold higher at 50% than at 10% WHC. The relative reduction of cumulative respiration with water content was slightly less in planted than unplanted soil (at 10% WHC compared to 50% WHC, cumulative respiration was 49 and 42% in planted and unplanted soil).
This suggests that in planted soil, microbes are better able to remain active in dry soil, likely due to greater substrate availability. At higher substrate concentration in the soil solution, microbes may have access to substrates even when the water film is thin. This is corroborated by the two-fold higher ratio of cumulative respiration to MBC on day 25 at 10% WHC in planted than unplanted soil.
Water content only had a consistent effect on MBC and MBN in planted soil where concentrations were up to two-fold higher than in unplanted soil. In planted soil, MBC on days 5 and 10 was lowest at 50%
and highest at 10% WHC. This is likely due to differences in microbial turnover. At 50% WHC, microbes will rapidly decompose the root deposits left after the removal of the plants and part of the microbial biomass died after depletion of readily available substrates. The small biomass at 50% WHC had high respiration rates as also indicated by the high ratio of cumulative respiration to MBC. The active biomass is likely to have high turnover rates which can explain the higher WEOC concentrations at this water content. At 10% WHC on the other hand, microbial activity was low (two-fold lower ratio of cumulative respiration to MBC than at 50% WHC) and thus root deposits only slowly decomposed. Therefore, more substrate remained after 5 and 10 days in dry soil which maintained a greater microbial biomass.
MBC decreased over time only in planted soil which does not seem to be due to organic C availability because WEOC concentrations remained unchanged throughout the experiment. However, WEOC composition may have changed. It is known that dissolved organic C (DOC) in soil can include simple as well as complex compounds (Amon and Benner, 1996) . In this study, it is likely that at the start of the incubation, WEOC in planted soil was mainly easily decomposable compounds from root exudates and root cell lysates. Later as MBC decreased, a greater proportion of WEOC was microbial-derived which may be more complex and thus less readily decomposable than root exudates.
In contrast to MBC, MBN in planted soil was lowest at 10% and highest at 50% WHC. Measured available N concentrations were not influenced by water content. However, N availability is determined at a 1:5 soil to KCl ratio, thus at very high water content. It is likely that at low water content, diffusion of N to cells and thus N uptake by microbes was reduced. The contrasting effect of water content on MBC and MBN in planted soil could be due to different levels of microbial activity. The MBC/MBN ratio was wider at 10% than at 50% WHC (130 and 35). Growing microbes have a narrower MBC/MBN ratio because they contain more N-compounds (e.g. proteins, enzymes) than cells in stationary phase (Frankenberger and Dick, 1983) . Thus, the narrow MBC/MBN ratio at 50% WHC is in agreement with the high ratio of cumulative respiration to MBC, both indicating highly active microbes. The less active microbial biomass at 10% WHC had a wider MBC/MBN ratio and a lower ratio of cumulative respiration to MBC.
Soil water content had no clear effect on available N and P and any differences among water contents were small. This suggests that soil water content did not influence the ratio of mineralization to immobilization which also did not change over time.
Conclusions
The first experiment showed that the negative effect of low water content on microbial biomass C is exacerbated if the soil is dry during plant growth likely due to the lower organic C input into the soil by the smaller drought-stressed plants. Distribution of two or three dry weeks had little effect on the measured parameters suggesting that plants could not recover in one or two moist weeks.
From the second experiment we can conclude that microbes in planted soil can maintain higher respiration in dry soil despite low biomass because activity per unit biomass is high. Nevertheless, respiration was lower at low water content compared to optimal water content (50% WHC) indicating that substrate availability was reduced. Further, MBC in previously planted soil decreased during the 25-day incubation which indicates that high activity may not be maintained much longer.
